Previous studies demonstrated that certain glycosphingolipids (GSLs) are involved in various cell functions, such as cell growth and motility. Recent studies showed changes in GSL expression during differentiation of human embryonic stem cells; however, little is known about expression profiles of GSLs in cancer stem cells (CSCs). CSCs are a small subpopulation in cancer and are proposed as cancer-initiating cells, have been shown to be resistant to numerous chemotherapies, and may cause cancer recurrence. Here, we analyzed GSLs expressed in human breast CSCs by applying a CSC model induced through epithelial-mesenchymal transition, using mass spectrometry, TLC immunostaining, and cell staining. We found that (i) Fuc-(n)Lc4Cer and Gb3Cer were drastically reduced in CSCs, whereas GD2, GD3, GM2, and GD1a were greatly increased in CSCs; (ii) among various glycosyltransferases tested, mRNA levels for ST3GAL5, B4GALNT1, ST8SIA1, and ST3GAL2 were increased in CSCs, which could explain the increased expression of GD3, GD2, GM2, and GD1a in CSCs; (iii) the majority of GD2+ cells and GD3+ cells were detected in the CD44 hi /CD24 lo cell population; and (iv) knockdown of ST8SIA1 and B4GALNT1 significantly reduced the expression of GD2 and GD3 and caused a phenotype change from CSC to a non-CSC, which was detected by reduced mammosphere formation and cell motility. Our results provide insight into GSL profiles in human breast CSCs, indicate a functional role of GD2 and GD3 in CSCs, and suggest a possible novel approach in targeting human breast CSCs to interfere with cancer recurrence.
Previous studies demonstrated that certain glycosphingolipids (GSLs) are involved in various cell functions, such as cell growth and motility. Recent studies showed changes in GSL expression during differentiation of human embryonic stem cells; however, little is known about expression profiles of GSLs in cancer stem cells (CSCs). CSCs are a small subpopulation in cancer and are proposed as cancer-initiating cells, have been shown to be resistant to numerous chemotherapies, and may cause cancer recurrence. Here, we analyzed GSLs expressed in human breast CSCs by applying a CSC model induced through epithelial-mesenchymal transition, using mass spectrometry, TLC immunostaining, and cell staining. We found that (i) Fuc-(n)Lc4Cer and Gb3Cer were drastically reduced in CSCs, whereas GD2, GD3, GM2, and GD1a were greatly increased in CSCs; (ii) among various glycosyltransferases tested, mRNA levels for ST3GAL5, B4GALNT1, ST8SIA1, and ST3GAL2 were increased in CSCs, which could explain the increased expression of GD3, GD2, GM2, and GD1a in CSCs; (iii) the majority of GD2+ cells and GD3+ cells were detected in the CD44 hi /CD24 lo cell population; and (iv) knockdown of ST8SIA1 and B4GALNT1 significantly reduced the expression of GD2 and GD3 and caused a phenotype change from CSC to a non-CSC, which was detected by reduced mammosphere formation and cell motility. Our results provide insight into GSL profiles in human breast CSCs, indicate a functional role of GD2 and GD3 in CSCs, and suggest a possible novel approach in targeting human breast CSCs to interfere with cancer recurrence. E xtensive studies have illustrated aberrant glycosylation in cancer cells (reviewed in refs. 1 and 2). Glycosylation changes associated with oncogenic transformation have been studied, initially focusing on glycosphingolipids (GSLs)*, particularly on the reduction of monosialoganglioside GM3 (5) or other gangliosides (6) along with an increase of the precursor GSLs (5) (6) (7) (8) . Certain gangliosides inhibited the growth factor-induced activation of tumor phenotype through the inhibition of receptorassociated tyrosine kinases (7) . Subsequent studies indicated that this process was assumed to be based on binding of specific gangliosides to the extracellular domain of epidermal growth factor receptor (8) . The studies of N-or O-linked glycosylations (9, 10) and their biosynthetic pathways were well reviewed in a monograph edited by W. J. Lennarz (11) .
Since the cloning of the glycosyltransferases (GTs) gene was initiated with β1-4Gal transferase in 1986 (12, 13), as many as ∼180 genes have been cloned so far. GTs genes have applied to various studies, particularly molecular mechanisms of cancer progression. GM3 was found to be reduced in v-Jun-induced transformed cells, and the transfection of the GM3 synthase gene caused reversion from oncogenic to normal-type cells, whereby GM3-CD9 (Tetraspanin-29) complex was restored in the membrane microdomain, as observed in normal cells (14) . The FucTIII gene which encode alpha (1,3/1,4)fucosyltransferase was shown to cause tumor cell metastasis via expression of Sialyl Lewis A (SLe a ), which binds to E-selectin (15) , and enhanced synthesis of mucin type-3 core, by activation of β3GlcNAc transferase, induced the inhibition of metastasis in colon cancer through reducing the mucin type-1 core, Galβ3GalNAc (16) .
Since the epithelial-mesenchymal transition (EMT) process was proposed in embryonic development (17, 18) , many studies reported its involvement in diseases, particularly in cancer progression (19) (20) (21) . The involvement of glycosylation in the EMT process was unclear, particularly in GSLs. Recently, specific GSLs were found to down-regulate during EMT, and enhanced expression of the GSLs blocked the EMT process (22, 23) .
The process of embryonal development from a fertilized egg to blastocysts was closely associated with a clear change in glycosylation from globo to lacto to ganglio structures (24) . Recent studies indicated a drastic change in GSL expression during differentiation of human embryonic stem cells into various cell lineages (25, 26) . Here, we report a series of GSL expression profiles in cancer stem cell (CSC) vs. non-CSC populations using human mammary cell lines.
There is growing evidence for the existence of CSCs, which are a small subset of cells within a tumor, capable of self-renewing and initiating/sustaining tumor growth (reviewed in ref. 27 hi CD24 lo in breast tumors. All of these phenotypes were shown to be associated with tumor initiation and metastasis, and these cell-surface molecules were described as CSC markers (28) (29) (30) (31) (32) . In addition, it has been indicated that CSCs are resistant to various chemo-and radiotherapies and can cause cancer relapse and metastasis (33) (34) (35) (36) (37) . Therefore, great efforts are being made to identify a unique CSC phenotype, to better identify and target CSCs.
Following the original study of Al Hajj et al. (31) , many studies implicated CD44 hi /CD24 lo as a CSC marker for breast cancer, because CD44 hi /CD24 lo cells showed high tumorigenicity in xenograft assays, enhanced invasiveness, and enhanced mammosphere formation. In addition, the cells share some common features with normal stem cells, such as the abilities to self-renew and generate heterogeneous progeny (38, 39) . Moreover, Ricardo et al. (40) reported that there was a higher frequency of CD44 hi /CD24 lo in more aggressive basal-like breast tumors than in less-aggressive luminal breast cancers; together with this, a mathematical model showed that the abundance of CD44 hi / CD24 lo correlates positively with tumor aggressiveness (41) . Accumulating evidence supports the idea that aberrant activation of EMT, a latent embryonic program, can increase the ability of cancer cells to migrate and invade and is linked with metastatic ability (42, 43) . It was also reported that EMT induction in immortalized human mammary epithelial cells increased the CD44 hi C-D24 lo population and tumor-sphere formation (44, 45) . The CSC population is a very minor subset of cells in tumors, only ∼1% in colon cancer and leukemia and ∼2% in breast cancer (46) (47) (48) ; therefore, it is necessary to enrich CSCs to study the possible role of GSLs therein. Recently, an in vitro EMT model, the immortalized human mammary epithelial cell (HMLE)-Twist-ER, was established (42) . Upon the induction of Twist expression by tamoxifen, the epithelial cells developed a mesenchymal morphology and acquired CSC properties (44, 49) . We adopted the model and assessed the different expression profiles of GSLs in CSCs compared with non-CSCs.
In this study, we used electrospray ionization (ESI)-MS, highperformance TLC (HPTLC), in situ cell staining, and flow cytometry to characterize changes in GSL expression. Our results suggest that GD3 and GD2 may play a functional role in maintaining the CSC phenotype in human breast cancer.
Results
Changes of GSL Profiles Between CSCs and Non-CSCs. To study the difference in GSL expression between CSCs and non-CSCs in human breast cancer, we used the HMLE-Twist-ER cell system developed and used by Weinberg's group for their own studies on CSCs (20, 34) . HMLE-Twist-ER cells expressed the EMT transcription factor Twist in an estrogen receptor (ER)-based inducible system. Culturing the cells in the presence of tamoxifen, an ER ligand, for about 10 d induced the expression of Twist, resulting in a change in the EMT and cell morphology from epithelial to fibroblast-like mesenchymal type (Fig. S1A) . Along with morphological changes, the mRNA expression profile changed from an epithelial type to a mesenchymal type. Furthermore, cell motility activity, measured by phagokinetics assay, increased, and the stem cell population, as defined by the CD44 hi /CD24 lo phenotype, also increased ( Fig. S1 A-D). These observations are in accordance with previous reports (20, 35) ; therefore, we compared GSL expression profiles in the HMLE-Twist-ER cells and in HMLE-Twist-ER cells cultured in the presence of tamoxifen as breast non-CSCs and CSCs, respectively.
To compare the GSL profile of non-CSCs with CSCs, total GSLs were extracted and separated into a polar upper phase and nonpolar lower phase by Folch partition. Non-GSL impurities, such as phospholipids, sphingomyelin, and plasmalogens in the lower phase were removed by an acetylation method as previously described (36) . Purified GSLs from the upper or lower phases were analyzed by Orbitrap-Fourier transform (FT) MS. MS1 results from the Folch partition upper phase GSLs are shown in Fig. 1 . Identities of GSLs in MS1 profiles were tentatively assigned based on m/z value for major molecular ion signals, fitted to permutations of hexose, N-acetylhexosamine, deoxyhexose, and N-acetylneuraminic acid residues (Hex, HexNAc, deoxyHex, and NeuAc, respectively), in combination with typical sphingosine and fatty acyl components of common ceramides. Confirmations of monosaccharide and ceramide composition were provided by collision-induced dissociation (CID)-MS2 of selected molecular ion precursors. The structures were inferred where possible from knowledge of human GSL expression patterns (for example, a GSL detected with the formula Hex(3)Cer is consistent with the known human GSL globotriaosylceramide, Gb3Cer). A list of all GSL species detected, with their measured and calculated m/z values, can be found in Table S1 .
Comparing the lower m/z segments ( Fig. 1 A and B) , it seems that the signal with formula Hex 3 -Cer (m/z 1,046.6772), which most likely corresponds to Gb3Cer in the control sample, is absent in the CSC sample. In addition, the expression of Fuc-(n) Lc4Cer (m/z 1,395.8237, Fig. 1A ) is significantly reduced in the CSC sample (Fig. 1B) . This result is consistent with the HPTLC result for the lower phases of the Folch partition (Fig. 2C Left) and points to a significantly reduced neutral GSL synthesis in CSC. The down-regulation of Gb3Cer was also confirmed by HPTLC immunostaining (Fig. 2C Right) . Furthermore, we detected somewhat less GM3 (Fig. 1 A vs. B) but significantly more GM2, GD3 (Fig. 1 A vs. B) , and GD2 ( Fig. 1 C vs. D) in the CSC sample. The signal corresponding to formula HexNAc 1 Hex 2 Cer (m/z 1,087.7051, Fig. 1A ) was also increased in the CSC; this signal likely corresponds to gangliotriaosylceramide (Gg3Cer), but it could also arise from partial in-source desialylation of GM2. In the higher m/z range, we observed a substantial increase of GD1 in CSCs (Fig. 1 C vs. D) ; these results were also consistent with HPTLC results (Fig. 2B ). Because such a notable difference in the level of GD1 was observed between the two cell types, we performed CID-MS2 on the peaks at m/z 1,831 and 1,853. The fragmentation seemed to be consistent with that of GD1a (Fig. S2A , CID-MS2 of m/z 1,831). Additional CID-MS2 analyses of each of the major precursors in the MS1 spectra were performed; two exemplary MS2 spectra, of Fuc-(n)Lc6Cer and Fuc2-(n)Lc6Cer molecular species, are reproduced in Fig. S2 B Fig. 1 . ESI-MS molecular ion profiles of GSLs from non-CSCs and CSCs. Full spectrums for non-CSCs and CSCs were separated into two groups, m/z 980-1,530 and m/z 1,530-2,080 as indicated. (A-D) Annotations of GSLs on the spectrum were assigned based on m/z values typical for ceramide moiety-associated fatty acyl heterogeneity. We deduced that GSLs with the same glycan moiety but different fatty acyl components are the same GSL. NL represents a measure of absolute spectral counts for the most abundant peak (100% on the y-axis) in respective segments.
and C, respectively. In summary, by using ESI-MS profiling, we found Gb3Cer and Fuc-(n)Lc4Cer were down-regulated in CSCs and that simultaneously GM2, GD3, GD2, and GD1 were significantly up-regulated in CSCs.
Analysis of the Changes of GSL Expression Profiles by HPTLC
Immunostaining and Immunofluorescence Cell Staining. MS results for the expression of GSLs in non-CSC and CSC samples were confirmed by HPTLC immunostaining. GSLs in the upper phase were fractionated into upper-neutral, monosialogangliosides, disialogangliosides, trisialogangliosies, and polysialogangliosides with a DEAE-Sephadex column as described in Materials and Methods. GSLs developed on TLC plates were stained with orcinol/sulfuric acid or detected by immunostaining with specific mAbs (Fig. 2) . As shown in Fig. 2A , the total upper-phase GSLs from the two cell populations exhibited different orcinol staining patterns. Up-regulation of GM2, GD2, GD3, and GD1a in CSCs was confirmed with TLC immunostaining using fractions isolated with DEAE-Sephadex. Gb3Cer was analyzed using fractions from both the upper and lower phases. As expected, the upperphase fraction did not exhibit any detectable amount of Gb3Cer in either CSCs or non-CSCs, whereas the lower-phase fraction showed clear down-regulation of Gb3Cer in CSCs (Fig. 2C) . The results for GM2, GD2, GD3, GD1a, and Gb3Cer were consistent with MS data. We further analyzed GSL localization via in situ cell staining. As shown in Fig. S3, GM2 , GD2, GD3, and GD1a were expressed on the cell surface and up-regulated in CSCs; however, the signals for Gb3Cer were localized inside the cells. In addition, the signals for Gb3Cer were not significantly different between non-CSCs and CSCs (Fig. S3) . Different Gb3Cer expression levels detected by MS and HPTLC immunostaining were not observed by cell staining. This is most probably due to cross-reactivity of the anti-Gb3 antibody.
Expression Levels of mRNAs for GSL Synthases Detected by Real-Time RT-PCR. To identify GTs responsible for the different expression of GSLs in non-CSCs and CSCs, mRNA levels for several GT candidates were determined by real-time RT-PCR. To ensure the results from the real-time RT-PCR analyses were reliable, we optimized the amount of cDNA and kept the threshold cycle (Ct) values of the target genes less than 35. As shown in Fig. 3A , the expression level of GM3 synthase (ST3GAL5, which encode ST3 beta-galactoside alpha-2,3-sialyltransferase 5), GM2/GD2 synthase (B4GALNT1, which encode beta-1,4-N-acetyl-galactosaminyl transferase 1), GD3 synthase (ST8SIA1, which encode ST8 alpha-N-acetyl-neuraminide alpha-2,8-sialyltransferase 1), and GD1a synthase (ST3GAL2, which encode ST3 beta-galactoside alpha-2,3-sialyltransferase 2) in CSCs increased 8.2-, 5.0-, 90.6-, and 8.1-fold, respectively, explaining the up-regulation of GD3, GD2, GM2, and GD1a in CSCs. It is noted that in the experiments Ct values for β-actin were 14-15, whereas Ct values for the ST8SIA1 gene were 33-34 and 26-27 in non-CSC and in CSC, respectively. However, the expression of A4GALT, FUT1, and FUT4 candidates for GTs responsible for Gb3Cer (globo-series GSLs) and Fuc-(n)Lc4Cer [(n)lacto-series GSLs] expression did not show any significant difference between CSCs and non-CSCs (Fig. 3 B and C) . Furthermore, the expression of Gb3Cer-related glycosidases, α-galactosidase (GAL), and hexosaminidase (Hexa-B) also remain constant between non-CSCs and CSCs. Therefore, the mRNA levels could not explain the loss of Gb3Cer in CSCs (Fig. 3B) . The fold changes of GT gene expression are summarized and shown along with ganglio-series, globo-series, and (n)lacto-series GSL biosynthesis pathways in Fig. 3 A-D . Following these results, we focused on ST3GAL5, B4GALNT1, and ST8SIA1, hypothesizing that the GTs explain the differential expression of GD2, GD3, GM2, and GD1a between non-CSCs and CSCs.
Correlation Between GSL Expression and the CD44 hi /CD24 lo Profile.
First, we analyzed the expression of GD2, GD3, GD1a, and GM2 by flow cytometry. Consistent with the results from MS, TLC, and cell staining (Figs. 1 and 2 and Fig. S3 ), flow cytometry analysis demonstrated that GD2, GD3, GD1a, and GM2 expression were much higher in CSCs than in non-CSCs (Fig. 4A) . Next, we examined the correlation between the expression level of the GSLs and the CD44 hi /CD24 lo profile, one of the characteristic features of human breast CSCs. HMLE-Twist-ER cells treated with tamoxifen for 5 d (for partial EMT induction) were stained with Fluor-conjugated antibodies against CD44 (anti-CD44-PerCP-Cy5.5), CD24 (anti-CD24-ECD), and GSLs (anti-GD2-PE, anti-GD3-PE, anti-GD1a-PE, or anti-GM2-PE). The results of the triple-color analysis indicated that more than 87% of the GD2 hi cell population exhibited a CD44 hi / CD24 lo profile, but only 0.2% of the GD2 lo cell population (Fig.  4B, GD2 panel) . Additionally, we found that more than 93% of the GD3 hi population exhibited a CD44 hi /CD24 lo CSC profile, but only 0.2% of the GD3 lo population (Fig. 4B, GD3 panel) . By contrast, GD1a and GM2 are not capable of independently enriching for CSCs (Fig. 4B, GD1a panel) . GD1a
hi and GD1a lo cell populations exhibited similar CD44/CD24 profiles (Fig. 4B , GD1a panel). There were also no clear contrast CD44/CD24 profiles between GM2 hi or GM2 lo cell population (Fig. 4B, GM2  panel) . These results indicate that the expression of GD2 and GD3 are correlated more strongly with the CD44 hi /CD24 lo CSC profile than that of GD1a and GM2 (Fig. 4B) .
Functional Role of GD2 and GD3 in CSCs. Based on the above results, we analyzed the functional role of GD2 and GD3 and the involved GTs for their biosynthesis, B4GALNT1 and ST8SIA1, which were also up-regulated in CSCs. The human breast cancer cell line MCF7, which was reported to contain a subpopulation CD44 hi CD24
lo cells with features of stem cells (50, 51) and expressed GD2 and GD3 at a satisfactory level as shown in this study, was used in knockdown experiments with a lentiviral-based shRNA expression vector, because it was difficult to transfect HMLE-Twist-ER cells efficiently enough for functional assays, mammosphere formation, and cell motility activity. At the mRNA level, we observed 82% and 51% suppression for ST8SIA1 and B4GALNT1, respectively (Fig. 5A) . As expected, ST8SIA1 knockdown reduced 27% of GD2 + and 60% of GD3 + cells, whereas the B4GALNT1 knockdown only reduced 38% of GD2 + cells and did not change the percentage of GD3
+ cells (Fig. 5B) . Reversion of CSC phenotype to non-CSC phenotype in the ST8SIA1 and B4GALNT1 knockdown cells were evaluated with two characteristic features of human breast CSC: mammosphere formation efficiency and cell motility activity. Mammospheres are floating spherical colonies driven from a small population of human breast cancer cells that are capable of survival and proliferation under anchorage-independent conditions in vitro (52) . It has been shown that the cells forming mammospheres have CSC properties based on their ability to self-renew, initiate, and/ or sustain heterogeneous tumors (53) . ST8SIA1 knockdown cells (ST8SIA1-KD) and B4GALNT1 knockdown cells (B4GALNT1-KD) formed fivefold fewer (22% of control) and twofold fewer (50% of control) mammospheres than control mock cells, respectively (Fig. 5C ). Cell motility activity, which was assessed by phagokinetic motility assay, demonstrated that the migration areas of ST8SIA1-KD and B4GALNT1-KD cells were only 8% and 18% of those of the control cells, respectively (Fig. S4) . The findings indicate that GD2 and GD3, together with associated GTs ST8SIA1 and B4GALNT1, play a functional role in human breast CSCs.
Discussion
In this study, we compared GSL expression in CSCs and nonCSCs using a human mammary cell line that was extensively studied as a breast CSC model (44) . We observed that Gb3Cer expression is diminished and that Fuc-(n)Lc4Cer expression is decreased in CSCs. Conversely, GD3, GD2, GM2, and GD1a were up-regulated, and mRNA levels of the GTs ST3GAL5, ST8SIA1, B4GALNT1, and ST3GAL2 were also up-regulated. Moreover, the number of GD3-and GD2-expressing cells were higher in the CD44 hi /CD24 lo population. Knockdown of GD3/ GD2-associated GTs, ST8SIA1 and B4GALNT1, significantly reduced mammosphere formation and inhibited cell motility. hi and CD24 lo in plots labeled "GSL high" and "GSL low."
Our data indicate that both GD2 and GD3 could be new markers for breast CSCs and also function to maintain CSC properties.
In the case of Gb3Cer, its depletion in CSCs was detected by both MS and TLC immunostaining (Figs. 1A and 2C ), but mRNA levels of GTs A4GALT and B3GALNT1 and glycosidases GAL and Hexa-B, which were analyzed as possibly responsible enzymes for the Gb3Cer depletion, did not show significant difference (Fig. 3B) . One possible explanation might be that GM3 synthase (ST3GAL5), which was up-regulated by 8.2-fold in CSCs (Fig. 3A) , competes with Gb3 synthase for the common precursor lactosylceramide (LacCer) and results in depletion of Gb3Cer expression. An alternative explanation might be, as recently reported for transmembrane BAX inhibitor motif containing (TMBIM) family genes (54), the reduction of Gb3Cer expression without changing the mRNA of Gb3 synthase by posttranscriptional regulation. Thus, the possible mechanism for the depletion of Gb3Cer in CSCs and its possible functional role in CSCs remain to be studied.
CD44 and CD24 have been used extensively in combination with other markers to isolate CSCs from solid tumors. The present study on the correlation between the expression of GD3, GD2, GM2, or GD1a with the CD44/CD24 marker in CSCs demonstrated that the expression of GD3 and GD2 was higher in the CD44 hi /CD24 lo population, although GM2 and GD1a did not correlate well with the CD44 hi /CD24 lo profile (Fig. 4B) . In addition to CD44 hi /CD24 lo , aldehyde dehydrogenase 1 (ALDH1), CD133, CD29 (β1-integrin), CD49f (α6-integrin), and CD61 (β3-integrin) were reported as markers of breast CSCs (reviewed in ref. 55) . Future studies will clarify whether GM2 and GD1a expression is correlated with these stem cell markers.
A recent study by Andreeff and coworkers (56) reported enhanced expression of GD2 in a human breast CSC population. They showed that the suppression of GD3 synthase, ST8SIA1, abrogated tumor formation completely. In this present study, we found that not only GD2 but also GD3 are expressed predominantly in the CD44 hi /CD24 lo population. In addition to the knockdown of ST8SIA1, which reduced both GD2 and GD3, the knockdown of B4GALNT1, which reduced only GD3, also resulted in a significant reduction in mammosphere formation and cell motility, suggesting functional roles of GD3 in addition to GD2 in CSCs. Aside from the present study, GD3 was reported to be overexpressed in melanoma, hepatoma, and ovarian cancer and to inhibit natural killer T-cell activation and suppress the innate immune response in ovarian cancer (57) . GD2 has been found to be overexpressed in neuroblastoma and melanoma, and targeting GD2 by a vaccine approach was developed for these cancers (58) . In osteosarcoma, GD2/GD3-expressing cells were shown to enhance malignancy (59) . These data support our present results that GD2 and GD3 are cancer-associated antigens, especially CSC-associated epitopes, and are promising candidates for cancer therapy (60) .
Aberrant expression of carbohydrate structures in cancer, including GSLs, has been known for decades (61, 62) , and GSLs in tumor cells have been shown to change their structure and organization in the membrane to promote tumor progression (60) . In addition to GSLs indicated to be associated with CSCs in this study, the following were found to be highly expressed in human cancer but either absent or present in negligible amounts in normal cells/tissues: (i) blood group A-like antigens expressed in tumor cells of blood group O or B patients [the structure is GalNAcα1-O-Ser/Thr, termed Tn (63) (64) (65) (68, 69) ]. Whether these glycan structures are somehow associated with CSCs is an interesting point for future studies.
Materials and Methods
The full materials and methods are provided in SI Materials and Methods.
Mass Spectrometry. GSLs were analyzed by electrospray ionization-linear ion trap-Orbitrap-Fourier transform-mass spectrometry (ESI-LIT-Orbitrap-FT-MS) in an LTQ-Orbitrap XL hybrid instrument (Thermo-Scientific) operated in the positive ion mode. Samples were dissolved in pure methanol and introduced by direct infusion via a TriVersa NanoMate ESI-Chip interface (Advion BioSystems) at a flow rate of ∼100 nL/min. The NanoMate spray voltage was kept at 1.5 kV. Spray current was generally in the range of 50-150 nA. For CID-MS2 analyses, the following parameters were used: precursor isolation width, m/z 5.0; normalized collision energy, 35 V; activation Q, 0.250; activation time, 30 ms. All spectra were acquired in Orbitrap-FT mode (30,000 nominal resolution), accumulated for 1 min in the case of MS1 and 0.5 min in the case of CID-MS2. All precursor and fragment ions were detected as sodium adducts.
Knockdown of B4GALNT1 and ST8SIA1. Plasmids containing B4GALNT1 shRNA (RHS3979-9603789) and ST8SIA1 shRNA (RHS3979-9603453) or empty vector (PLKO.1) were purchased from Open Biosystems. Plasmids were purified and transfected into MCF-7 cells using Lipofectamine LTX & Plus Reagent (Invitrogen). After 72 h of transfection, cells were split and selected with puromycin at 0.5 μg/mL Puromycin-resistant colonies were screened for mRNA levels corresponding to each glycosyltransferase by real-time RT-PCR.
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